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ABSTRACT

Dwindling resources of fossil fuels, environmental concern and socio-political issues have
triggered the search for alternative sources of energy. Biofuels may provide the solution to
this problem. For efficient production of bioethanol from lignocellulosic hydrolysate, the
organism should ferment a variety of sugars (hexoses and pentoses) with high ethanol yield
and productivity. The yeast Scheffersomyces stipitis (earlier known as Pichia stipitis)
possesses these properties. However, it has not found widespread use primarily because
early studies showed that S. stipitis grows but does not ferment under aerobic conditions,
and ferments but does not grow under anaerobic conditions. Thus, both growth and
fermentation occur only in a narrow range of small but non-zero dissolved oxygen levels.
This has led to the conclusion that ethanol production is not robust and cannot be scaled
up. However, lack of robustness cannot be established by showing that ethanol is produced
in a narrow range of oxygen levels. It is necessary to show that such dissolved oxygen
levels are obtained only in a narrow range of operating conditions.

In this work, we have devised such a method for quantifying the robustness of ethanol
production with respect to the operating conditions. Our approach is based on the principles
of growth on a mixture of two complementary substrates. We show that when the chemostat
culture of S. stipitis is fed with progressively higher glucose feed concentrations (sy) at a
fixed dilution rate (D = 0.1 h'!) and oxygen mass transfer coefficient (k;a = 50 h'), three
definite growth regimes are obtained. At low s, the culture is carbon limited — dissolved
oxygen is at saturating levels, and no ethanol is produced. At high s, the culture is oxygen

limited — ethanol is produced but excess glucose is observed in the effluent stream. At

intermediate s¢, both carbon and oxygen are limiting and ethanol is produced without any

loss of glucose. It is plausible to say that ethanol production is robust if the width of this
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regime is large. We also developed a simple unstructured mathematical model that predicts
the boundaries of the dual-limited regime.

The model predictions agree with the data, but they imply that the boundaries vary with D
and k;a. Thus, we were led to perform the foregoing experiment at additional D and k;a.
We find that the boundaries predicted by the model are consistent with the data obtained at
all D and k;a. Moreover, we show that if the biomass, ethanol, dissolved oxygen and
residual glucose concentrations, are scaled appropriately and plotted against the
dimensionless parameter, p = Ds;/k;a - c;, all the data obtained at various D, k;a and s,
collapses into a single curve. The existence of the dimensionless plot facilitates strain
comparison without significant acquisition of data.

Finally, the inaccessibility of plasmid vectors for S. stipitis prevented us from modifying
the strain for overcoming its kinetic limitations. Therefore, we developed plasmids specific
to S. stipitis which can be used for both wild-type and auxotrophic strains. Interestingly, S.
stipitis exhibited improved growth and glucose consumption rates upon over-expression of

the sugar transporter SUT4. This indicates limitations at the level of sugar uptake.

Vi
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iR

Shared $teT & WA USR, qATarofig R=idr 3R ATATTSR-ITSTi T HEl & T
Foll & AHTeuh Wl A Tl AT X & &l TATCIAST $H FHATIAT HT FATTA Felel
X T gl fTAdegNfas grsglesae @ SRTYHAT & FAT 3cdied & A,
S # 3Td AT 39T AR 3cuigehar & a1y faffiea e (§eFaeT 3R deien)
1 faeirer e e @AR @rpaliAay Zefofled (G dger fAwmar &fofcw &
ATH & ST ST §) & 9T Ig 90T g gleliich, 38 AT & & 9 & & 39T
Ter fen § Fifer TRfAe reawel § 9 9or § 6 ow Rty wifvs eufaat
dedT § oifchel Ta8T9T 7T T & oifoheT TaRifae Rufadt & dga faaier &ar §
AfheT & dear ¥ 30 AR, e AR ey Qe Fad o ofFa R
TS & TR T Uk FhoT AT 7 gid &1 safod sy Adrer § F sdaiar
3cUTee HGd T8l § 3 Fq Tehol 3T FE THAT ST Hehell &1 Blelileh, HoTgl
HHT P T @R TG 8T foham ST Tohar § T sdatar 3TFTeT & TR Hr
Teh HROT Al H 3cUmied g &1 I8 fo@e & fow e ¢ & 58 @@ &
fagfed il TR shael IR ATt i vehr gehror HiAT 7 9ied fhe S
gl

$H SIH #H, §Ha aRETee RAfaal & §aer & qelel 3culest i ATl Sl AT
& T Ol [ IR T §1 gART TfSChIOr & [Web Faeeed & A0 W o
& fagidl W 3maid ¢ &7 @ § & 59 v 22ty ff frere & Afaa

T H 3¢9 Tl BIS AIadT (s;) & T TF WiRad sTe@e € (D =0.1 h7) 3R

HerETSTel GeTHT FATATROT 0T (k;a = 50 h') W Ger@r Sar g, de AfRed

e el red fhv S 1 SA s5; W, Hed WAT § - i HJod T
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W 8, IR A YTl F IcUEA oAl Il 81 3= s, W, Jiikelosler AT & -
SUATST FT 3G BT & oifehed 3ATASC arg H HfARFT Tl =T AT &
STTHITSUT s; H, gl &eel 3R 3o @ifAd § 3R sdaia soier & forar
T SThAT o 9T ScuTied giem 81 I§ Fean 3Tad & b 3R 37 &7 6T =isis a5
g dl AT 3cUIGsT HSEd &l §He Ueh T IS IO Alser o fasfaa
forar St qed-AfAa a7 & Fns i Afgsgah i gl

Alsel JIISTAIOT SeT § TEAT &, oifhed I g2t & 6 @AW D 3R ko & T
fieT g1t §1 30 YR, g 3faRed D 3R ka T q@emer =T @ qu R
gH dTa § T Alser ganr sfasgamft & 15 dAw @ D AR ko 7 ured ST F
3R g1 38 3rarra, gH fe@ra § 6 afe s, s9era, it 3R safise
oISl HigaT # 3/ ®9 & Fhel AT S § 3R 3mmREd Refer & e
el faRam ST 8, o gred @8l Ser RffAD, ka 3N s; W, T g% A @R S
g1 RAEREd WA 3T 351 3R S JefeT T FAYT YTl FIT g

3d H, 07 FfOF F olfeAs Jaet H HH o g S &I T o F V|
safoT, gAa o7 wfofeT & fou fafire carfas foefia e € Seer 39
STl IR 3R 3iTerdcifheh 3NeT et & forv fohar ST Iehar &1 feoaey a1d I8
¢ & vg Rusfew & Al gaaidt SUT4 & sifa sffeafdd W afg &= @
Te[ehlsl WO e # GUR 30T § | Fg el o 3ueeh T I HaAT I S el
J
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